We report the local (NMR) and bulk (magnetization and heat capacity) properties of the vanadium based spin-1 2 uniform spin chain compound Bi6V3O16 (Bi4V2O10.66). In the low-temperature α phase, the magnetic ions (V 4+ ) are arranged in one-dimensional chains. The magnetic susceptibility shows a broad maximum around 50 K signifying a short-range magnetic order. Heat capacity measurements also reveal low-dimensional magnetism. The 51 V magic angle spinning nuclear magnetic resonance measurements clearly show that the magnetic V 4+ and non-magnetic V 5+ species are located on different crystallographic sites with no mixed occupation. The spin susceptibility calculated from the shift of the 51 V NMR spectra reproduces the behavior observed in magnetic susceptibility and agrees well with the spin- 
I. INTRODUCTION
Magnetism in one-dimensional (1D) Heisenberg antiferromagnetic (AFM) spin systems has remained an area of wide interest in condensed-matter physics since 1970s.
1,2 This is mainly due to the rich physics such spin chains exhibit. Furthermore, these systems are tractable from both theoretical 3,4 and computational 5-7 starting points. The prime interest here is the innate strong quantum fluctuations which lead to the suppression of magnetic long range ordering. 8 The nature of the ground state in these systems depends on the value of spin S and relative strength and sign (AFM or ferromagnetic) of their coupling J. The generic magnetic Hamiltonian describing an S = 1 2 Heisenberg chain can be written as H = J i S i S i+1 , where J is the intrachain coupling constant between the nearest-neighbor spins. A uniform half-integer spin chain with AFM interactions exhibits a gapless ground state. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] In the case of an AFM alternating Heisenberg chain, the AFM exchange constants (J 1 and J 2 ) between the two nearest-neighbor spins are unequal (J 1 = J 2 ; J 1 , J 2 > 0), and they alternate from bond to bond along the chain with an alteration parameter α = J 2 /J 1 . In the case of an alternating chain, interactions for half-integer spins result in the opening of a gap via either frustration due to the next-nearestneighbor AFM exchange or dimerization due to the alternating coupling to nearest neighbors along the chain.
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Many S = Our motivation is to explore new low-dimensional magnetic oxides with the intention of unraveling novel magnetic properties. In this paper we report the bulk and local (NMR) studies of the vanadium-based S = 1 2 uniform spin chain compound Bi 6 V 3 O 16 (often described also as Bi 4 V 2 O 10.66 ) at low temperatures. This system is a member of the well-known pseudo binary oxide systems Bi 2 O 3 -V 2 O 5 , which received significant interest because of their different structural varieties and rich functional properties, 30, 31 which led also to a very efficient bismuth-metal-vanadia (BiMeVOX) family of anionic conductors. 32, 33 These systems belong to or are derived from the Aurivillius family. 34, 35 They exhibit three polymorphs, α, β, and γ, each associated with a different temperature range, where the α phase is the lowtemperature one. One of these Aurivillius vanadates, Bi 4 V 2 O 10 which contains all the vanadium ions in the arXiv:1909.08594v1 [cond-mat.str-el] 18 Sep 2019 V 4+ oxidation state, was studied thoroughly via crystal structure, electron diffraction, and thermodynamic properties about two decades ago. 36, 37 In the α phase of Bi 4 V 2 O 10 , the magnetic V 4+ ions are arranged in a 1D chain along the a direction of the unit cell (see Fig. 1 Energy dispersive x-ray (EDX) microanalysis show an elemental ratio of bismuth and vanadium of Bi:V 2 : 1 (see Fig. 2 ).
X-ray diffraction (XRD) patterns were collected using a PANalytical X'Pert 3 Powder x-ray diffractometer (Cu Kα radiation, λ = 1.54182 Å). The Rietveld refinement against the XRD data was carried out using the jana2006 software 43 (see Fig. 3 ). The XRD pattern shows a single phase of Bi 6 V 3 O 16 (space group: 2.6 obtained from the refinement is consistent with the previous study carried out on single crystals of the α phase of Bi 6 V 3 O 16 . 40 The refined atomic coordinates of Bi 6 V 3 O 16 are given in Table I .
The thermogravimetric analysis (TGA) was carried out to heat Bi 6 V 3 O 16 and to oxidize it while observing the weight change (see Fig. 4 ). After the full oxidation,
in which all vanadium ions are in the V 5+ oxidation state. In our experiments, we observed three major temperature effects. The first one at 550 K is due to the oxygen intake, the second one at 720 K is due to the α → β transition, and the last one at 860 K isdue to the β → γ phase transition. The calculated mass change during the phase transition at 550 K is 0.65%, which is close to what is expected from the oxidation of Bi
Analysis of the V-V interaction path (see Fig. 1 ) reveals that two vanadium ions from crystallographic site V1 (magnetic V 4+ ) are connected by two oxygen ions and one vanadium from crystallographic site V2 (nonmagnetic V 5+ ). The type of magnetic interaction between the V 4+ ions is hence extended to superexchange
. The V-V distances are equal along the chains. V 4+ and V 5+ ions are in the pyramidal and tetrahedral environments of oxygens, respectively (see Fig. 1 ). The bond distances and bond angles along the V-V interaction path for Bi 6 V 3 O 16 are listed in Tables II and III, ions occupy the V1 and V2 sites, respectively. The field (up to 14 T) and temperature (2 -300 K) dependence of the heat capacity and magnetization M were measured using the heat capacity and vibrating-sample magnetometer options of a Quantum Design physical property peasurement system, respectively.
The magic angle spinning nuclear magnetic resonance (MAS-NMR) measurements (spectra and nuclear spinlattice relaxation times T 1 ) were carried out on vanadium nuclei ( 51 V gyromagnetic ratio γ/2π = 11.1921 MHz T −1
and nuclear spin I = 7/2) in a fixed field of the 4.7-T magnet using an AVANCE-II Bruker spectrometer. The spinning speed of the 1.8-mm o.d. rotor was varied between 20 and 30 kHz. 44 Typical pulse widths were varied from 4 to 2 µs. In echo sequence π/2−τ−π, a rotation period between the excitation and refocusing pulses was needed, τ. By measuring NMR using this technique, the nuclear dipole-dipole interactions and chemical shift anisotropy are averaged out, and the quadrupolar interaction is partially averaged out. Thus, MAS-NMR gives finer details about the spectra. For T 1 , the speed of the rotor was 30 kHz, and the measurements were undertaken at the frequency of the isotropic shift at a given temperature. T 1 was measured by the saturation recovery method using a saturation comb of fifty π/2 pulses followed by variable delay and an echo sequence for recording the intensity. For the lowest temperatures, T 1 measurements were performed in static conditions to explore the lowtemperature behavior down to 4 K. The frequency shifts are given relative to the VOCl 3 reference.
III. RESULTS AND DISCUSSION

A. Magnetic susceptibility
Magnetic susceptibility χ = M/H measurements were carried out in 0.05 -14-T applied magnetic fields. With decreasing temperature, χ follows the Curie-Weiss law and shows a broad maximum around 50 K, which indicates the presence of short-range magnetic ordering in the system. A Curie-like upturn is observed at lower temperatures, possibly arising from paramagnetic impurities. From the Curie-Weiss fit, χ(T ) = χ 0 + C/(T − θ CW ) in the T range 190 − 300 K (see Fig. 5 ), the T -independent χ 0 = 8.6 × 10 −6 cm 3 /(mole V 4+ ), the Curie constant C = 0.4 cm 3 K/(mole V 4+ ), and the Curie-Weiss temperature θ CW =−60 K can be extracted. The negative value of θ CW indicates that the dominant exchange couplings between V 4+ ions are AFM. We also measured the electron spin resonance spectrum of the powder (X band, room temperature; not shown) and found typical g-values for a V 4+ ion [(g x , g y , g z )= (1.93, 1.91, 1.8)] with tiny anisotropy. From our χ measurements in Bi 6 V 3 O 16 , the value of the Curie constant (C = 0.135 cm 3 K/mole) is 36% of the expected value (C = 0.375 cm 3 K/mole) for a full S = 1/2 moment which indicates that only about 1/3 of the vanadium ions are magnetic, i. From the χ(T ) results, the Van Vleck susceptibility χ V V = χ 0 − χ core = 12.4 × 10 −5 cm 3 /mole, where χ core is the core diamagnetic susceptibility, was calculated with a value of −11.52×10 −5 cm 3 /mole f. u. (here we consider the formula unit to be Bi 2 VO 5.33 ). The low-temperature upturn in χ(T ) below 20 K is attributed to the orphan spins and other extrinsic magnetic impurities.
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To extract the exact magnetic susceptibility, the temperature-independent susceptibility (Van Vleck plus the core diamagnetic susceptibility) and the Curie contribution originating from the extrinsic paramagnetic impurities and/or orphan spins were subtracted from the experimentally obtained magnetic susceptibility data (see Fig. 5 ). The low-temperature Curie-Weiss fit gives C = 0.022 cm 3 K/mole, θ CW = 10.3 K. From the value of C we find that this contribution is about 6% of an ideal S = 1 2 system. After subtracting this, we find that the magnetic susceptibility saturates to a fixed value as T tends towards zero, which is expected for a gapless S = 1 2 uniform chain. However, to model the susceptibility with the uniform S = 1 2 Heisenberg chain, we rely on the MAS-NMR data below, where the spin susceptibility is manifested in a more pristine manner.
We have not observed any signature of hysteresis in the M vs H measurements. The broad maximum observed in our system greatly resembles what was observed in similar Bi-V-O complexes reported previously. 41, 42 With the increase in the applied field, we observe that the broad maximum shifts towards lower temperatures (see the inset of Fig. 5 ).
In the applied field H dependence of magnetization M (see Fig. 6 ), we have not found any anomaly or steps indicating the presence of any gap, and the data agree well with the phenomenological expression M chain (H) = αH + β √ H, with α= 1.3×10 −7 , and β = 1.65×10 −5 .
B. Heat capacity
In the temperature dependence of heat capacity C p , we did not detect any long range magnetic ordering (Fig.7) . In the plot of C p /T vs. T , the broad maximum at around 55 K is observed, which does not shift under the application of external magnetic field up to 9 T. The magnetic specific heat C m was extracted by subtracting the lattice contribution using a combination of Debye and Einstein heat capacities, C Debye and C Einstein , respectively:
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In the above formula, n is the number of atoms in the primitive cell, k B is the Boltzmann constant, θ d is the relevant Debye temperature, and m is an index for an optical mode of vibration. In the Debye-Einstein model the total number of modes of vibration (acoustic plus optical) is equal to the total number of atoms in the formula unit. In this model we considered the ratio of the relative weights of acoustic modes and the sum of the different optical modes to be 1 : n − 1.
We used a single Debye and multiple (three) Einstein functions with the coefficient C d for the relative weight of the acoustic modes of vibration and coefficients C e1 , C e2 , and C e3 for the relative weights of the optical modes of vibration. The experimental data of the system were fitted by excluding the low-temperature region of 2 − 115 K assuming that most of the magnetic part of the heat capacity is confined within this temperature range. The fit of our experimental data to such a combination of Debye and Einstein heat capacities yields a Debye temperature of 96 K and Einstein temperatures of 130, 295, and 584 K with relative weights of C d :C e1 :C e2 :C e3 = 13 : 14 : 48 : 25.
The electronic contribution to the total heat capacity was neglected since the compound possesses an insulating ground state. Upon subtracting the lattice heat capacity with the above parameters, we obtain the magnetic contribution to the heat capacity C m (T ), which, accordingly, shows a broad maximum around 50 K. The entropy change ΔS was calculated by integrating the C m /T data (see bottom inset in Fig. 7) . The entropy change is about 5.36 J K −1 (calculated for 1 mole), which is close to the expected value of a S = 1 2 system (R ln 2 = 5.73 J/mole K). Although the observance of the broad maximum in the C m vs T data indicates the 1D magnetic interaction in the system, in the temperature regime below 30 K, the magnetic heat capacity is less than 1 % of the lattice contribution, which makes the analysis of the magnetic contribution in this regime highly dependent on the model.
We have also compared C m with the 1D Heisenberg chain model 7 (see the magenta line in bottom inset in Fig. 7) . The mismatch between our calculated C m and the fit is not surprising as we know that an accurate estimation of C m is nearly impossible at this temperature range as the phonon contribution (lattice part) consists of nearly 99% of the heat capacity around the peak of C m at such a relatively high temperature.
The main findings from our heat capacity results are that we did not observe any magnetic long-range ordering in our system and C m shows the same trend observed in χ vs T data. Both these results support the low-dimensional magnetic behavior in Bi 6 V 3 O 16 .
C. NMR
Room-temperature magic angle spinning NMR
NMR is a powerful local probe to extract the static and dynamic properties of a spin system and has been extensively used on vanadia systems. 45 Fortunately, the room- temperature 51 V MAS-NMR spectrum for Bi 6 V 3 O 16 is known, consisting of a single line shifted to -1447 ppm at room temperature (with sample spinning speeds up to 17 kHz). 46 In our MAS spectra, we observed also only one 51 V line at -1382 ppm (spinning at 30 kHz; see the uppermost spectrum in Fig. 8 and the top spectrum of Fig. 9 ) confirming that the 51 V NMR signal originates entirely and from only one of the two available vanadium sites in this system. 47 As the spectral resolution is much better in the 51 V MAS-NMR compared to any bulk measurement or even to the static NMR data, having a single strongly shifted sharp NMR line validates the structure of Bi 6 V 3 O 16 here very strongly.
We have also performed room-temperature MAS-NMR measurements on Bi 4 V 2 O 11 , the nonmagnetic parent compound of the BiMeVOX family, and compared the 51 V NMR signals of these two compounds under the same experimental conditions (Fig. 9) . For Bi 4 V 2 O 11 , the 51 V MAS-NMR line positions are also documented 48, 49 , and our results agree well with the literature. MAS-NMR results published by Delmaire et al. 46 showed the detection of four (three major) structurally different V 5+ environments.The MAS-NMR results of Kim and Grey showed the detection of three different vanadiums. 49 Based on the crystal structure analysis of Mairesse et al. 50 and NMR studies of Kim and Grey 49 we can assign the peak at -423 ppm to the tetrahedral V 5+ (the V1 site according to the description of Ref. 50) , the peak at -509 ppm to V 5+ in the trigonal bipyramidal environment (V2), and peaks at -491 and -497 ppm to the two different fivefold V 5+ environments. These last two are V3a and V3b according to the report by Mairesse et al.;
50 however, we cannot differentiate which one is V3a and which is Figure 9 : The top spectrum is the zoomed part of the central peak of the room-temperature (305 K) 51 V NMR spectrum of Bi6V3O16. The bottom spectrum is the 51 V MAS-NMR spectrum of Bi4V2O11. The black line is the experimental spectrum, which can be well fitted by several Lorentzian lines, as given by green lines; the red line is the sum of the components. The spectra were recorded on an AVANCE-III-800 spectrometer at 51 V resonance frequency of 210.5 MHz, using a home-built MAS probe for 1.3-mm rotors, at 50.1-kHz sample spinning speed.
V3b in our spectrum. The remaining lines with lower intensities are possibly due to the V 5+ ions close to the ends of chains and from the 6a m superstructure which was detected at low level in the XRD data of Ref. 50 .
The chemical shift, the width, and relative intensity of these components are given in Table IV. The determined aspects further validate that in the case of Bi 6 V 3 O 16 , the possibility of V 4+ ions occupying two different sites is clearly ruled out, as this would lead to the creation of different environments of V 5+ ions and, consequently, different NMR lines which should get detected in MAS-NMR experiments. However, due to a strong, large hyperfine field on V 4+ ions, the NMR signal originating from the magnetic vanadium ions could not be detected at elevated temperatures. A similar scenario was observed in many other systems such as Cs netic V 5+ was observed. 
Low-temperature, cryoMAS NMR
The temperature dependence of 51 V spectra of Bi 6 V 3 O 16 measured using cryogenic MAS (cryoMAS) technique 44 is shown in Fig. 8 . Here, we are limited to remain above T = 20 K to maintain the fast sample spinning, but the obtained values of the isotropic Knight shift K up to room temperature are very accurately determined, and they follow the same trend observed in χ(T ). In the temperature dependence of K, a broad maximum at around 50 K is observed, similar to the χ(T ) data, indicating low-dimensional, short-range magnetic ordering.
As K(T ) is a direct measure of spin susceptibility, the following equation can be written:
where K 0 is the temperature-independent chemical shift, A hf is the hyperfine coupling constant, and N A is Avogadro's number. As long as A hf is constant, K(T ) should follow χ spin (T ). We estimated the exchange couplings by fitting the K(T ) data with Eq.( 1). Here, χ spin is the expression for the spin susceptibility of the S = 1 2
chain model given by Johnston et al. 7 which is valid in the whole temperature range of our experiment from 2 to 300 K and also in the whole limit of 0 α 1. The K(T ) data for Bi 6 V 3 O 16 agree well with the S = 16-18 Even more recently, a study on Cs 4 CuSb 2 Cl 12 reported J = 186(2) K and a superconductorlike phase transition taking place only at T sp = 0.70(1) K, resulting in a ratio of suppression represented by f = |J|/T sp = 270(7).
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KCuF 3 has a relatively large interchain coupling (J /J ≈ 0.01), yielding f = 390 K/39 K = 10;
12 Sr 2 CuO 3 , with a tiny interchain interaction (J /J ≈ 10 −5 ), gives f = 2200 K/5 K = 440. 13 For Bi 6 V 3 O 16 the lowest estimate would be f = 108 K/2 K ≈ 55, suggesting that the interchain exchange interactions here are very weak and/or frustrated.
The K vs χ(T ) plot is shown in the inset of Fig. 10 , where K is measured shift in percent and χ − χ 0 − χ Curie is magnetic susceptibility without the T -independent and Curie impurity contributions. The magnetic susceptibility was measured in the same magnetic field of 4.7 T in which the NMR measurements were performed.
Spin lattice relaxation rate 1/T1
To study microscopic properties of 1D Heisenberg antiferromagnets (HAF), it is necessary to measure the temperature dependence of the spin lattice relaxation rate 1/T 1 , which gives information about the imaginary part of the dynamic susceptibility χ(q, ω). As vanadium is a I = 7/2 nucleus and to avoid further broadening due to dipole-dipole interaction we studied the temperature dependence of 1/T 1 in the rotating conditions. The temperature dependence of 51 V 1/T 1 is presented in Fig. 11 . In the whole temperature range from 300 down to 20 K, the recovery of nuclear magnetization is single exponential. We have not observed any indication of divergence of the relaxation rate, revealing the absence of any magnetic ordering. Also, no sign of activated behavior was observed, which proves that down to 20 K no dimerization takes place. Until about 100 K, 1/T 1 drops linearly with temperature. However, below 100 K deviations from the linear behavior are observed. Additionally, 1/KT 1 T is temperature independent at 100 K ≤ T ≤ 300 K, and it shows linear behavior with T below 100 K.
We did not observe any signatures of magnetic ordering, and also no features of spin gap are observed in the temperature dependence of 1/T 1 . Generally, 1/T 1 depends on both uniform (q = 0) and staggered spin fluctuations (q = ±π/a). The uniform component leads to 1/T 1 ∼ T , while the staggered component gives 1/T 1 = const. 59 The deviation from the linear behavior of 1/T 1 below 100 K presumably indicates that the temperatureindependent part is coming into play which was otherwise absent in the temperature region above 100 K. This fact is also reflected in the 1/KT 1 T vs T plot as 1/KT 1 T is expected to be constant when the (q = 0) contribution dominates. In our 1/KT 1 T plot, we observe a clear drop from the high-T constant value for temperatures ≤100 K.
To observe the temperature dependence of 1/T 1 at lower temperatures, we stopped spinning and performed NMR measurements on the broad line in static conditions; 1/T 1 below 15 K is essentially T independent. The absolute value of the relaxation rate at low T is much larger than in cryoMAS-NMR, which seems to indicate that in the static T 1 measurements we have started to detect the magnetic V 4+ at low temperatures with a very short relaxation (see the top inset in Fig. 11 ). Note that 1/T 1 becoming constant at low temperatures is expected for S = 1 2 1D HAF systems.
60 Similar spin-lattice relaxation behavior has been observed in the uniform S = 1 2 1D chain Ba 2 Cu(PO 4 ) 2 .
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IV. CONCLUSION AND OUTLOOK
We have reported bulk thermodynamic and local NMR studies of the S = 1 2 V-based compound Bi 6 V 3 O 16 . All of the measurements confirm the presence of low dimensionality in this material. Upon subtracting the lowtemperature Curie-Weiss contribution, the magnetic spin susceptibility agrees well with the S = 1 2 uniform Heisenberg chain model. The magnetic heat capacity also confirms the existence of low-dimensional magnetism in the system, even though the lattice part has a dominant contribution to the total heat capacity, and approximation by any model is not decisive. In the MAS-NMR experiments on Bi 6 V 3 O 16 , we observed a single sharp line which confirms that there is no site sharing between the V 4+ and V 5+ ions in this compound. The spin susceptibility calculated from the MAS-NMR experiments agrees well with the uniform S = 1 2 chain model with the dominant exchange coupling of J = 113(5) K, while the temperature variation of Knight shift agrees well with the findings from χ vs T measurements. Our experimental results from cryoMAS-NMR measurements concur with the S = 1 2 uniform chain model up to the available temperature range. No sign of magnetic ordering or any feature of spin gap has been observed in the temperature dependence of 1/T 1 . Bi 6 V 3 O 16 is one of the very few V-based systems in the category of uniform spin chains where no long-range magnetic ordering or any singlet formation were observed above 2 K, while J is of the order of 100 K. An ideal S = 1 2 spin chain cannot exist in any real material because even an infinitesimal interchain coupling would give rise to long-range magnetic order at suppressed, but finite, temperatures.
Future work involving local probe experiments, e.g, static NMR experiments down to millikelvin temperatures, neutron diffraction, muon spin resonance, etc., is needed to acquire further knowledge about the possible ordering temperature and the nature of the ordered magnetic structure of Bi 6 V 3 O 16 , for which a high-quality single crystal is needed.
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